Abstract-To
I. INTRODUCTION
HE rapidly decreasing supply of 3 He prompts an interest in alternative detection technologies, which could replace the efficiency and stability of 3 He proportional counters. Among the most extensively considered technologies are 10 B lined proportional counters filled with a conventional proportional gas (such as argon-methane). The 10 B lined counters are considered to be a viable 3 He replacement due to the high thermal neutron reaction cross section of 10 B (72% of 3 He value) and reliability/stability of proportional detection technology. Several different designs of systems using 10 B lining are currently under development, utilizing multiple 10 B lined tubes or plates for increased efficiency. Some of these systems were found competitive for the purpose of homeland security applications [1, 2] .
Neutron measurements for safeguards applications have requirements that are unique to the quantitative assay of special nuclear materials. Special nuclear material assay is typically performed using neutron coincidence counting [3] , where the neutron multiplicity distributions from spontaneous fission and/or induced fission events are measured. Coincidence counting requires the detection of two correlated neutrons from a single fission event. The rate of correlated pairs (doubles) depends on the detector efficiency raised to the 2 nd power. High efficiency systems are needed to allow precise coincidence measurements. Therefore, for use in safeguards, several additional aspects essential for plutonium mass assay need to be addressed; including efficiency, die-away time, stability, and scalability for the production of commercial systems. In order to evaluate the potential applicability of 10 B
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lined systems for safeguards use, a comprehensive comparison of these systems needs to be performed.
Los Alamos National Laboratory has developed an integrated test plan [4] to address the safeguards specific aspects of neutron detection technologies. In addition, a dedicated experimental setup was built for performance evaluation of selected 10 B proportional technologies. In this paper, the integrated test program and the details of the experimental arrangement are introduced. In addition, the first results from the GE/Reuter-Stokes 10 B lined system are discussed.
II. INTEGRATED TEST PROGRAM
The primary purpose of the test program is to evaluate neutron detectors for potential replacement of 3 He tubes with an emphasis on the parameter space that is important in nuclear safeguards applications. The parameters that will be evaluated include: Efficiency (ε) -The total system efficiency for coincidence counting needs to be similar to 3 Gamma Rejection -Safeguards systems must operate normally at gamma dose levels up to 1-10 R/h on the detector face to accurately measure bulk plutonium samples containing 241 Am (which builds up with time). The neutron/gamma ratio must be better than 1.0. Stability -The precision and stability for the 3 He systems have been demonstrated to be better than 0.1% for in-plant measurements; however, for simple neutron monitoring, less stability can be acceptable. Stability and reliability are critical for accurate results when instruments must operate continuously in unattended mode. Dead Time -Neutron counting at rates up to 1-5 MHz with accurate dead time corrections are needed for a multi-tube system. Each amplifier module should be capable of processing up to 0.3 MHz. Die-away time (τ) -The neutron die-away time (or lifetime) is an important aspect of neutron coincidence counting. Neutron die-away time should be less than 50 μs, since the FOM varies as 1/τ. Detector size -For most safeguards applications, the high efficiency for measuring fast neutrons from the sample has to be obtained in a relatively small foot print. The high efficiency of 3 He permits compact design. Scalability -For many applications, the detector geometry has to surround the sample to provide the high efficiency and to be T U.S. Government work not protected by U.S. copyright independent of the sample's shape and distribution. The sample volumes are typically a few liters, resulting in detector volumes that are large. Safety -The in-plant installed systems have criticality, fire, and seismic safety requirements that are unique to uranium and plutonium processing plants.
A. Figure Of Merit
Performance testing of each 10 B lined system within the test program will include the evaluation of parameters specified above. In addition, each system will be evaluated based on a Figure Where ε represents the efficiency and τ is the die-away time. This concept is derived from neutron coincidence counting, where the precision of signal coincidences needs to be maximized to obtain accurate plutonium mass assay. In addition, the neutron die-away time in the detection system affects the length of time window needed to capture all the coincidences from a given fission event. A longer time window increases the contribution of random background and adversely affects the doubles precision. Thus, a short die-away time is required to maximize the doubles counting precision.
B. Comparison Methodology
The evaluated 10 B lined technologies represent a variety of shapes and sizes. To compare the new detector options with a 3 He based system, a 3 He reference system will be defined in Monte Carlo space. The 3 He reference will have the same face width, height, and depth as the new detector under test. The parameters of the 3 He reference system were selected to match a typical 3 He detector slab, with one row of tubes optimized for efficiency. The slab consists of 2.54 cm (1") diameter 4 atm 3 He tubes with approximately 5.08 cm (2") tube pitch. The center line of tubes is located about 3.8 cm (1.5") from the front face of the HDPE with some variation in depth depending on the average neutron source energy spectrum. The 3 He reference normalization ratio to the new detectors will provide the efficiency comparison between the various alternative detectors in the test program. The accuracy of the Monte Carlo model will be benchmarked with experimental data from an existing benchmark 3 He system. In addition to differences in outer dimensions, evaluated systems also differ in the amount of moderator included in the vendor design. To maximize the efficiency of each system, an optimum moderator configuration for each system will be determined experimentally for a 240 Pu neutron energy spectrum.
Finally, the packaging of the detector and electronics sections of individual systems will be different. In order to fairly compare the detection efficiency of the tested systems, the fraction of the system dimensions utilized to house the signal processing electronics needs to be properly factored in. Therefore, two types of efficiency will be evaluated for each system -intrinsic efficiency and effective efficiency. The intrinsic efficiency will refer to the detection efficiency per unit area of the front face of the detector section. The detector section will be defined as the part of the system containing the active area (including the moderator) as well as the necessary material containment to encapsulate the active volume. The effective efficiency will refer to the detection efficiency per unit area of the entire detection system, including signal processing electronics. The latter definition serves to factor in the differences in the detector packaging and will be utilized in quantifying the scalability of each system. Both values will be part of the final evaluation summary table.
Each detection system will be tested using a 252 Cf source to evaluate the safeguards relevant parameters. In addition, to evaluate the performance of each system in a high γ-ray background, the 252 Cf neutron source will be combined with a selected γ-source. The γ-source will be located in several different positions to obtain the desired dose rate at the detector face. Measurements will be performed in a LANL shielded cell that allows the use of a 500 R/hr 226 Ra source.
III. EVALUATED 10 B LINED DETECTORS Three prototype 10 B lined neutron detection technologies will be evaluated within the test program.
• GE/Reuter-Stokes (GE/RS)
• Precision Data Technology, Inc. (PDT) In addition, a typical 3 He based detector slab will be used to provide the benchmark data for Monte Carlo simulations.
A. GE/Reuter-Stokes System
The GE/RS system comprises multiple individual 10 B lined tubes housed in a stainless steel cylinder with 40.6 cm (16") external and 30.5 cm (12") active length; and 5.08 cm (2") diameter. Fig. 1 shows a photograph of this system. Testing will be performed using external PDT electronics. 
B. Precision Data Technology, Inc.
The PDT system is a 10 B lined multi-cell parallel plate architecture surrounded by 1.27 cm (0.5") of polyethylene, with external dimensions of 15.2 cm (6") x 12.7 cm (5") x 66.04 cm (26"). Fig. 2 shows a photograph of this system. Signal processing electronics are built into the system. 
C. Proportional Technologies, Inc.
The PTI system consists of 60 individual 10 B lined straws embedded in polyethylene in a detector pod of external dimensions corresponding to 5.08 cm (2") x 39.4 cm (15.5") x 70.9 cm (27.9"). Fig. 3 shows a photograph of the system. Signal processing electronics are built into the system. 
D. LANL 3 He Based Benchmark Slab
The LANL benchmark 3 He system comprises six 3 He tubes with 2.54 cm (1") diameter and 4 atm fill gas pressure. The outer dimensions correspond to 8.8 cm (3.5") x 29.0 cm (11.4") x 47.8 cm (18.8"). Fig. 4 shows a photograph of the system. Signal processing electronics are built into the system. 
IV. EXPERIMENTAL SETUP
A dedicated test set-up was built in order to provide reproducible testing capabilities for safeguards relevant detection technologies. This test set-up utilizes components necessary to perform comprehensive detector testing and evaluate detector performance under well specified and reproducible laboratory conditions. The experimental setup with the 3 He benchmark system is shown in Figure 5 . The stainless steel laboratory work table is covered with a thin Cd sheet to prevent scattering of neutrons from the floor back into the tested detectors. A thin Al sheet is used to fix the source and the detector positions. The radioactive sources are attached to a source holder with vertical alignment to fix the source position in the center of the detector face. A 5 mm thick lead cylinder is used to reduce the γ-ray component of the 252 Cf spectrum. An optional 2.54 cm (1") thick HDPE cylinder will be used to provide a moderated 252 Cf spectrum. In addition, a thin Cd sleeve is used in the die-away time measurements to prevent back-scattering of thermal neutrons.
Data acquisition in neutron coincidence counting is traditionally performed using multiplicity shift registers (MSR). In addition, recent advances in computer technology and storage allow an event-by-event recording in list mode. In the former case, the pulse train from the detection system is processed in the shift register, where the initial multiplicity is distributions are generated and recorded. In the latter case, signals from each amplifier module are recorded independently and the entire pulse train is stored for further analysis. The use of the list mode data acquisition allows an offline analysis of the stored data with different widths of counting time window, which is essential for extraction of dieaway time information. In addition, the time interval distribution can be constructed to evaluate system dead time. For the purpose of the test program, data will be recorded using the LANL developed List Mode Multiplicity Module (LMMM) for measurements where re-analysis of the acquired data is required. For the majority of test measurements, however, data will be acquired using a JSR-15 multiplicity shift register. This allows the measurements performed within the test program to be directly comparable with field measurements performed at other institutions and is consistent with the current safeguards practice.
V. PRELIMINARY TESTS OF GE/RS SYSTEM
The GE/RS detector is the only system under current evaluation that does not include signal processing electronics in the vendor design. In order to performance test this detector, a commercially available PDT amplifier module was modified to match the high capacitance of the GE/RS system.
To evaluate the optimum high voltage (HV) setting for the operation of the GE/RS system a HV plateau was measured with a 252 Cf source. In addition, a set of 137 Cs γ-sources (dose rate of approx. 450 mR/hr at the detector face) were used to assure that the selected HV is below the region of γ count rate.
The results of these measurements are summarized in Fig. 6 . It can be seen that γ contribution becomes important at approx. 640 V. Thus the operating HV of 600 V was selected for the GE/RS detector evaluation. Fig. 6 illustrates that the slope of the plateau in the case of the 10 B lined system exhibits larger variation than a typical 3 He counter. The slope of the GE/RS detector corresponds to approx. 8%/100 V as opposed to 1-2%/100 V in the case of the 3 He counter. Due to the flat plateau, the 3 He based systems exhibit excellent long term stability, which typically corresponds to approx. 0.005%. This allows stable and reliable operation of 3 He based counters. The observed 8 %/100 V of 10 B lined counter will affect the long term stability by a factor of approx. 5-10. The long term stability of the order of approx. 0.05% can thus be expected in 10 B lined systems, which is still an excellent value for most practical considerations. The initial dead time evaluation was performed for the GE/RS system using the list mode based data acquisition. Dead time information can be extracted from time interval analysis of the list mode data, where the distribution of time intervals between two subsequent pulses is analyzed. The GE/RS detector was tested using a custom made PDT amplifier module with time constant of approx. 200 ns. The GE/RS dead time was compared to a typical 1" 4 atm 3 He tube with Ar+CH 4 quench gas. The signals from the 3 He tube were processed in two amplifier modules typically used in safeguards applications; AMPTEK-A111 with bipolar shaping and approx. 190 ns time constant and PDT with bipolar shaping and approx. 500 ns time constant. The time interval distributions for the GE/RS detector and the 3 He tube are shown in Fig. 7 . Fig. 7 illustrates the influence of electronics on the dead time of the 3 He counter. It can be seen that the minimum interval before a second pulse can be detected, which represents the system dead time, corresponds to approx. 600 ns and approx. 1.6 μs in the cases of AMPTEK and PDT, respectively. The response of the GE/RS detector is slightly better than the 3 He tube with the fastest timing electronics. Note that the GE/RS count rate represents arbitrary units only; the data were scaled to match the 3 He tube results and should not be used to infer the efficiency of the GE/RS system. A small spike in the short time-interval range of the time interval distribution in the case of the AMPTEK amplifier module should also be noted. This can be attributed to retriggering of electronics on a single neutron capture event.
Variation of the ionization tracks traversing the 3 He counter translates into complex structures present in the detector current pulses. Due to the short shaping time of the amplifier, the discriminator can re-trigger on these structures formed in a single event. This effect is removed when a longer shaping time is used. It can be seen that the GE/RS system does not exhibit this effect. This is a consequence of faster rise-times of GE/RS detector pulses, which allow reliable use of fast timing electronics. The short dead time can thus be expected to be one of the advantages of 10 B lined systems.
VI. CONCLUSIONS
LANL developed the integrated test program to evaluate 3 He replacement technologies specifically focusing on parameter space of interest for safeguards applications. In order to evaluate the applicability of a detection system for safeguards, parameters such as neutron die-away, efficiency or scalability need to be addressed. The test program includes each of these parameters and provides a reproducible methodology for performance evaluation of 3 He replacement technologies. The experimental activities need to be supported by parallel Monte Carlo simulations to allow comparison of new technologies of different shapes and dimensions with an equivalent 3 He based system. Current activity focuses on evaluation of 10 B lined technologies, which were suggested as a viable candidate to replace 3 He based counters. Three 10 B lined systems are presently under evaluation. The first test results of the GE/RS system suggest that the 10 B lined system should be capable of providing very good long term stability and favorable count rate capabilities.
